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West Virg in ia  Univers i ty  
Morgantown, Vest V i r g i n i a  

. 1. INTRODUC'I'ION 

With t h e  growing shor tage  of n a t u r a l  gas ,  development of process  
for t h e  product ion of high BTU gas  from c o a l  becomes more a t t r a c t i v e ,  and 
is now under ex tens ive  i n v e s t i g a t i o n s ,  most of which are sponsored by t h e  
O f f i c e  of Coal Research, Department of t h e  I n t e r i o r .  
for product ion of t h e  p i p e l i n e  gas  c o n s i s t s  of s e v e r a l  u n i t  processes  
such a s  g a s i f i c a t i o n ,  water-gas s h i f t  conversion,  gas  p u r i f i c a t i o n  and 
methanation. I n  t h e  present  s t u c y ,  t h e  water-gas s h i f t  conversion process  
of a l a r g e  coinmercial s c a l e  i s  opt in ized  i n  connection wi th  t h e  primary 
g a s i f i c a t i o n  and methanation processes .  The o b j e c t i v e  i s  t o  search t h e  
most economical scheme f o r  s h i f t  conversion by which t h e  e f f l u e n t  g a s  
€rom t h e  g a s i f i e r  can be  processed t o  achieve a proper hydrogen- to- 
carbon monoxide r a t i o  f o r  methanation a t  a la ter  s t a g e .  Condi t ions and 
compositions of r a y  gas vary depcndir.g on t h e  d i f f e r e n t  primary g a s i f f -  
c a t i o n  processes  from which i t  emerges. 
ob ta inable ,  tvo  cases  a r e  s e l e c t e d  a s  shown i n  Table  1. 
w i l l  meet t h e  fol lorr ing requi renents  imposed on methanation: (1) product ion 
r a t e  of p i p e l i n e  ges  i s  250 :< lo9  BTU/day; 
gas is  more than 900 ETU/SCF. 

The o v e r a l l  systeni 

I Among t h e  v a r i o u s  gas  compositicns 
These s e l e c t i o n s  

( 2 )  hea t ing  v a l u e  of p i p ? l i n e  
i 
I 

2. REACTIOX K I N E T I C S  
I 

A .  Rate Equat ions 

The s t o i c h j o n w t r i c  r e l a t i o n  of water-gas s h i f t  r e a c t i o n  i s  expressed 
by 

(1) 2 
CO + H 0 = C 0 2  + B 

2 

In  a d d i t i o n  t o  t h e  above r e a c t i o n ,  theraodynamically i t  i s  p o s s i b l e  
t h a t  s c v e r a l  o ther  s i d e  r e a c t i o n s  may t a k e  p lace  among t h e  components of 
CO, H20, 112,  C 0 2 ,  CM4 and o ther  hydrocarbons. These r e a c t i o n s  involve 
t h c  nietliane forr ia t ion and t h e  carbon depos i t  ion .  P r e s e n t l y  however 
t h e  tiel 1 developed conimel-cia1 iron-chromium-oxide c a t a l y s t  i s  employed 
under t h r  sui:al)le steam to  gas r a t i o  which i s  obtained b a + d  on cqu ' l i -  
brium cons~cicraLions,  shoving a s a ~ i s f a c t o r y  s e l e c t i v i t y  i n  most w,~ter- 
gas shif t  convcis inn proccsses .  In  t h i s  s t u d y  t h c r c f o r c  only r e a c t i o n  
(1) wj 1 1  bc of p i  i n n r y  ii,iport.~ncc. 

1 
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Among t h e  d i f f ecc .n t  typcr;  of water-gas shi . f t  rate.  ccpat ionn proposcd 
s o  f a r ,  the f i r s t  o rd i :~ '  equa t ion  of 1~aupirlile.r [ ] . I ] ,  Mars [13 ] ,  t l i e .  
second order  equat ion  of >loo [1.5], and tlie e s p o n c n t i a l  foi-iu of equat ion  
of 1~oI i l . t~ro  and otlicirs [[I] C?KC noteworthy. 
revievcd the cxperj.ilienta1 r e s u l t s  obtained by previous i n v e s t i g a t o r s ,  and 
concluclctl t h a t  the pscudo f i r s t  o r d e r  ra te  cquat ion  i s  quite.  abequqte 
i n  m o s t  cases .  

w h i c h  i s  pa:ticularly iaiportant a t  higli tempcratures .  

l'hc r e c e n t  paper of r\utliven[IS] 

T h i s  equat ion  seeins t o  have more f l e x i b i l i t y  ttian 
, others s i n c e  i t  j.nc1.ud.t~ the  po re  dif iusj .on e f f e c t  of c a t a l y s t ,  

Tablc 1. Flow Rates  and  Compositions of Feed and Procuct  Gases 

Low CO Casc 

-I-- - __-_I _I___- __ --_ 
Feed Product (dry b a s i s )  

-*_ lb-mol c /hr - mole. % _T-.---_- 1.b-mol.c/hu ~-~ mole X 

CO 9209.0 11.78 
H20 19155 .S 24.50 . 

17817.4 22.79 
11567.3 14.79 

CH4 19721.0 25.22 

716.3 0.92 

I1 2 
co2 

N2 

6446.3 

20580.1 
14330.0 
19721 .b 

71.6.3 

-- 
1.0.43 

33.31 
23.19 
31.91 

I. 1.6 

-- 

61793.7 100.00 T o t a l  78186.8 100.00 

I n l e t  Teciperature: 1000°F Pressure :  1100 p s i a  
-____________________ ~ _ _  _______I 

co 
H2° 

c02 
CH4 

N? 

2 

T o t a l  

31850.6 35.32 
11 767.5 13.04 

19220.3 21 -30 
12002.9 13.30 
14591 . 7  16.17 

784.5 0.87 

9021 7.5 100.00 

12421.7 -- 
38649.2 

31431..8 
14591.7 

784.5 

97878.9 

12.69 

39.49 

32.11 
14.91 

CI.RCI 

100.00 

-- 
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. .  
? ,  J-n the prcsc:nt s t -ut ly ,  thr. pscudo f i r s t  o rdc r  r a t e ‘ e q u a t i o n  is  

cons j - s tcn t ly  used rcgar t l lcss  of opcrati.ng conditi.ous. ~iowevcr, tlic 
rcsult obtained front, the second ordcr  equa t ion  of G i r d l c r [ 7 ]  i s  
also presentccl f o r  conipariso~i. The ,two types of ra te  equa t ions  a re  
sumniarizcd as  follo~s: 

(a).  Pseudo f i r s t  o rde r  rate equa t ion  

- 3- = ko (p-p,) 
d t  

or i n  an i n t e g r a t e d  form 

( 2)  

- I n  ( l -X /Xe)  = k,t = k / S  (3) aP v 

The v a l u e  of Ka 
as iol lows:  P 

i s  obtained from i n t r i n s i c  ca ta l -ys t  a c t i v i t y ,  k, 

I 

k, = 1079 exp(-27300/KT) 

k, = e S RT k, 
1 P P  

= 0.069 ( ~ / 6 7 3 ) ~ ’ *  

= 0.5dp (k, /De 1 1/2 
1 1  

(b). Second o rde r  r a t e  equat ion 

k 1 exb(1.5.95 - 17500/XT) 

E. Mass and flcat T rans fe r  IGitliin C a t a l y s t  Bed 

Since the water-gas s h i f t  r e a c t i o n  i s  comparatively slow and modera:cly 
exotherniic, t h e  d i f  fsrc:?.-cc i.n tercperature and concen t r a t ion  betx.Jecn 
bulk phase of gas and c a t a l y s t  s u r f a c e  is not  expectcd t o  be vcry g r e a t .  
TI!+ #-?!I b, s!:2\.i!: n : l m c y ; C - l l . r  -c f - l l - . . -  The - - - . - - . - - -  . . - - -  
may be estititntcd b y :  , 

. - .... . ... - .. -. . “ “ . y L ’ L L L “ “  “1 L I C - C , i C c !  

Tc- T b = z  rsAll/(tl Y P  r d 2 )  (1 3 )  
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where h 
and bulk’phase, and can be c a l c u l a t e d  from (231  

is tfie h e a t  t r a n s f e r  c o e f f i c i e n t  between t!;e p a r t i c l e  sur face  

= ( N ~ , ) * ’ ~  h /(C G) = 0.989 (dpG/e) -0.41 
JH P P  

(14) 

The maximum temperature  d i f f e r e n c e  w i l l  r e s u l t  from t h e  maximum r e a c t i o n  
rate. The c a l c u l a t i o n  based on t h e  v a l u e ,  rC  = 6 lb-mole CO/(hz cu. f t .  cat.), 
G = 7000 Ib / (hr . sq .  f t . )  shows approximately ?Tc-Tb)”3’F. Such a 
n e g l i g i b l y  small tempera ture  d i f f e r e n c e  was a l s o  repor ted  e a r l i e r  [ll] , 1131. 
The temperature  g r a d i e n t  w i t h i n  a ‘ c a t a l y s t  p e l l e t  can b e  c a l c u l a t e d  by t h e  
fol lowing heat  ba lance  equat ion ,  assuming an uniform r e a c t i o n  rate i n  the 
c a t a l y s t .  

(15’) 

vhere  k,, the  e f f e c t i v e  thermal  conduct iv i ty  may be c a l c u l a t e d  from 

1 1 - 5  

k, (l-Ok, + <kg 

S o l u t i o n  of t h e  above equat ion  us ing  proper  boundary condi t ion  i s  

Again = 6 lb-mole/ ( h r . c u . f t . c a t . )  i s  used f o r  t h e  c a l c u l a t i o n  
of t e m p h t u r e  d i f f e r e n c e  w i t h i n  t h e  p e l l e t ,  y i e l d i n g  t h a t  (T-Tc) lr=o <4*F. 

In a s i m i l a r  manner, t h e  concent ra t ion  d i f f e r e n c e  betveen t h e  bulk  phase 
and the  s u r f a c e  of t h e  catalyst  i s  approximated by 

where k 
and may ge evalua ted  from [91 

i s  t h e  f l u i d - p a r t i c l e  mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  bed, 

maximum d i f f e r e n c e  i n  
concent ra t ion  corresponds t o  only 2% of  bulk phase concent ra t ion .  

(19) 

I n  summary, i t  may be s a f e l y  assumed t h a t  t h e  d i f f e r e n c e s  i n  temperature  
and concent ra t ion  between t h e  bulk  phase and t h e  c a t a l y s t  s u r f a c e  a r e  
n e g l i g i b l y  small. 

3. PERFORXANCE EQUATIONS 

A. Flow Model f o r  Fixed Bed Reactor  
.. 

Flow p a t t e r n s  ot t l u i d  i n  a f ixed  bed r e a c t o r  a r e  d e s c r i b a b l e  by 
t h e  dispersed-plug flow model o r  compartment-in-series model. 
requi red  condi t ion  may be s p e c i f i e d  as fol lows [12] 

The 

... 
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Da/VL < 0.01 

(Noting thc  r e l a t i o n  Da/vL = (Da/vd) (d /L)  

and u s i n g  the  expcri iaental  r e s u l t s  oi 1:evenspiel and Bischoff [ I21  9 

Da/vd zz 0.5  

Equat ion (20) i s  equiva len t  t o  d/I. < 0.02 

In t h i s  study t h e  c h a r a c t e r i s t i c  length  d is the  same a s  t h e  u n i t  
compartment length  which is se lec ted  a s  1 i n .  Therefore, i t  i s  s e e n  
from equat ion (22) t h a t  i f  L i s  l a r g e r  than 5 f t .  t h e  requirement 
is s a t i s f i e d .  

B. Performance Equations f o r  Reactor Simulat ion 

Material ba lances  f o r  each component around n- th  compartment a r e  
g iven  a s  fol lows:  

F? = F " - ~  +vn rCO 
i i  C. 

i.= 1,2,--,6 

is negat ive  f o r  i = 1 , 2 ,  p o s i t i v e  f o r  i = 3 ,  4 ,  ze ro  f o r  i = 5 , 6 ,  
wh@e Ff;, Fg, F?, FZ, FY, Fg are t h e  molar flow r a t e  of CO, H20 ,  H 2 ,  
GOz, CH4, and N a t  t h e  e x i t  of t h e  n-th compartment, r e s p e c t i v e l y ,  
V: i s  t h e  c a t a f y s t  volume per u n i t  compartment. 
t h e  n-th compartment under a d i a b a t i c  condi t ions  may a l s o  be  expressed as :  

Energy ba lance  around 

T 
where 

The pressure  e f f e c t  on h e a t  c a p a c i t i e s  may be considered n e g l i z i b l e  even 
a t  1000 psi8 except  f o r  steam. 

P r e s s u r e  drop through t h e  f i x e d  bed r e a c t o r  is c a l c u l a t e d  using Ergun's 
equat jon  [SI: 

d G  

Cpim = JT Cpi dT/(T - T o ) ,  AH = -17698 BTU/I b- mole 
0 

T O  

(25) = 150t1-t )  ! a / (  p 1 + 1.75 
3 d  (f ) (4.) (- PA) 

I - r  c~ G 2  

C. Design Equation t o r  Ileat Exchanger 

Considcri.ng the chnuze of f i l m  cocffici:ent and scal iny,  probI.cr,i, i t  is 
assuificd t l ~ n t  approximately 50% of water cntcrin:, t h e  tiihcs i.n h e a t  
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= UT IC' (t2-tl) + 0 .51  ] f o r  tubc! sidc P 
whe.re 1' 
 tempera!'^^^:^^ of she1.l sicle and t u b e  sidc!, rcspective1.y. 
h e a t  t ra i i s fc r  cocEfici.ent i s  ca lcu l  a t e d  from: 

t a re  t h e  out1.et tempc.~:atui:c~s, and 'Y2, t l ,  a r e  ttie in1.c.t 
The shell. siclc 

The pressurc  drop i n  the shell s i d c  is estioiatcd by t h e  f o l l o v i n g  
equati.on [ 101 : 

2 3.0 AP =. f G L) I / (5 .22  x 10 Dos B )  s s S ' R  

where 
-0.1876 f = 0.01165 ( U o G s / ~ t )  

The  tube s i d e  heat  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  c a s e  without phase 
change" may be computed by : 

Si.nce a compl.etc optiinal. design of hea t  exchan;i;ei:s is  r a t h e r  involved 
vhi.ch i s  not c a l l e d  f o r  i n  t i t i s  s t u d y ;  a sicipl.iEied procedure is 
adapted.  T h i s  procedure j.nvol.ves the  de te rmina t ion  of zn optirnur:, h e a t  
t r a n s f e r  c o e f f i c i e n t  f o r  the  heat  exchanger. Cleer ly  the i n c r e a s i n g  
mass v e l o c j t y  of gases  w i l l  have a favorable  e f f e c t  on hea t  t r a n s f e r  
c o e f f i c i e n t  but  w i l l  r e su l t  i.n a l a r g e r  pressure  d r o p .  An optinurn 
heat. t r a n s f e r  c o e f f i c i e n t  t h e r e f o r ?  i s  c a l c u l a t e d  bese(! on the  hi.ghest 
v e l o c i t y  within t.he all.oviablc pressure. d ro?  of 3 psi.. 

Reactor Shell Cost: The Lhickiicss of the rt-ilctoi w a l l ,  T is coixputed h from [ I ]  

Th =: P R' / ( S  E'-0.61') 

ann r.~ei.gtit of: r e a c t o r  KR which inc ludes  t!w top and  Lottori  b1.ank 
j s  cal.culatcd by 

(32) 

(33)  
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(34) 

Then the r c a c t o r  c o s t  bccomcs ER = CKIfWI,, 
3.13 

Cost of c a t a l y s t  suppor t ing  t rays  : ES = 0.21G IIN(Df5) (35) 

Control  Valve Cost: Averagc va lues  of $8000 pcr  va lve  f o r  a l a r g e  
s i n g l e  reac to i  and $4000 f o r  s m a l l  p a r a l l c l  r e a c t o r s  a r e  used. 

(36) 
Heat Exchanger Cost [17]:  EI1 = C y I f  [850 (A,/50)o*562] 

Pump COSL: The fol lowing equat ions  are u s e d  t o  e s t i m a t e  the c o s t  of pumps 
[6]  [14] assoc ia ted  with h e a t  eschangers  t o  d e l i v c r  cool ing  water  

0.467 
' E  = 664 B 
P .  P 

where 

B = q e, Ah/@46,600 Ef) P 

B. 

C a t a l y s t  Cost: E, = IcVc 

Cost of Di rec t  M a t e r i a l  and U t i l i t y  

Steam Cost: Alt-hough t h e  c o s t  of steam deponds l a r g e l y  upon i t s  source 
and manufacturer ,  a v a l u e  of 60 c e n t s  per thousand pounds i s  
pr imar i ly  used. 

Thus EST = (W,,/lOOO) (6200) (0.6) 

Cooling Water Cost: $0.12 per  thousand g a l l o n  i s  used f o r  t r e a t e d  water .  

Electr ic i ty  Cost: 11 m i l  per  kw-hr i s  used 

C.  Calcula t ion  o f  Revenue Requirement 

I n  order  t o  opt imize t h e  process ,  formula t ion  of c b j e c t i v e  f u n c t i o n  i s  
necessary.  
The accounting procedures i s  " U t i l i t y  Sas Product ion General Accounting 
Procedure" which is formulated by t h e  American Gas Assoc ia t ion  and 
adopted 
annual  revenue requirement under t h e  fol lowing condi t ions  1211 : 

The o b j e c t i v e  f u n c t i o n  i s  developed based on t h e  annual  c o s t .  

by t h e  O f f i c e  of Coal Research. The procedure estimates t h e  

Debt-equity s t r u c t u r e  65% debt  (1/20th r e t i r e d  
Rc t u r n  *on-ra t e b a s e  7% annual ly  ) 
F e d e r a l  income t a x  r a t e  4 8% 
I n t e r e s t  on debt  5% 

s t r a j g h t  l i n e  5% 

i n w r o n c e  3% 

n _-I__ :-.:-- ?n __-"_ 
rrL,'LCC*UL*V.l, L" J c I -  

S t a t e  and l o c a l  taxes  and 
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A .  Process  Desc r ip t ion  

The block diagrani of the system f o r  op t i io iza t ion  i s  shown i n  Figure 
1. Since t h e  teiuperaturc of t h e  raw gas from g a s i f i e r  is s s u a l l y  much 
h ighe r  than the  operati .ng tcmperature  f o r  s h i f t  conversion,  cool.ing by 
waste  heat  b o i l e r  i s  necessary b e f o r e  going i.nto t h c  r e a c t o r .  The gas 
a f t c r  cooled t o  a proper  temperati ire i.s thcn i.ntroduccd t o  t h e  r e a c t o r  
i n  vhIch t.he mole r a t i o  of carbon monoxide t o  hydrogen i.s ad jus t ed  
about 1 / 3 .  Therefore ,  f o r  any f i x e d  i n l e t  gas composition, t h e r e  is, 
al.vays a required conversion of carbon monoxide. Before the. gas enters 
t.he r e a c t o r ,  a c e r t a j n  a m u n t  of stcl'aiii i s  added t o  t h i s  strean:.  T h e  
a d d i t i o n a l  steam a l s o  b r i n s s  the.steaai t o  gas ra t i .0  high enou:,h so  t h a r  
carbon depos5 . t i on  on ca ta l .ys t  xi11 no t  take p l ace .  1)eteiiiiinati.on c f  
t he  proper s t e m  t o  g a s  r a t i o  i s  n o t  a s inp le  probler.1, hov.,:cver, because 
it requj.res t h e  knowledge o f  many f a c t o r s  i nc lud ing  t h e  r e a c t i o n  k i n e t i c s  
of carbon 1:j.t-h aases .  Fur thernore ,  t he  aooun t  of  steam introduced v o u l d  
g r e a t l y  a f f e c t  not only t h e  s t e z a  c o s t  b u t  a l s o  reactj .cn r a t e ,  e q u i l i -  
brium conversion, e t c .  and the opti:iiuni opexat ing  cond i t ions .  
The required convzrsicn of  carbon n?onoxide can b e  achieved i n  t h e  r e a c t o r  
by one throughput.  Nowever, because ,of t h e  coa t  of steam and t h e  heavy 
duty required i n  the. product  ;as cooler ,  i t  will be %ore advantageous t o  
by-pass 2. por t ion  of the f c e d ,  and niix i t  w i th  t h e  product Gas t h a t  has 
been converted i n  excess  i n  the  r e a c t o r .  Thc Conversion i n  t he  r eac to r  
i s  adjusted t o  achieve t h c  required conversion upon niislng. I t  i s  observed 
t h a t  i n  o r d e r  t o  meet t h e  r equ i r ed  conversion by t h i . s  schexe, t h e  
coiivci:sion i n  the r e a c t o r  has t o  approach c l o s e l y  t o  the  equi l ibr iuni  
conversion. The temperature of p r o d w t  gas a f t e r  the  s h i f t  conversion 
i s  approxiinntc!l.y SOO"F, o r  love r  i f  t h i s  product i s  mixed wi th  t h e  
by-passed g a s .  
purifi .catioii .  
decidcd bascd (711 t he  pcrrfoi-ciance of pui-jficr-, but: i n  the p r e s e n t  
s tudy  t h i s  t eape ra tu rc  3 s  f i x e d  a t  4 G O " F  f o r  convenicnce. 

E .  Adi.abatic Reactoi- 

Again, it is reqcii.red t o  COOJ. the o u t l c t  gas before 
The oiit1.et tel:rperature of product gas co:l.cr sholt3.d be 

I I I C  a d i a b a t i c  opcr:icj.cn cnii bc rcprescntco on t!ic convcrsjon- 
tcillpc-rature p l o t .  Figurr. 2 shovs t l i r  cqtij.?.ibriiiitl curves fo r  d j  ricrrtir 
vslucs c l f  s t r n i i i  to ;-as raL.in hnsccl 011 tlie focd cccbpoaition of t-ltr lot+ 
CO cast .  On the smw f i .guri*  a r c  s:iclt:-n tile acIj,?I>;l!:iC q>cra t . i r ?g  l i i1c . s :  
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I' 

s 
. 9.1 
H : waste B e a t  Boiler 
Il : Rodvet  Gas Cwler 

P : Peutor . 

s : steam 

P i s y n  1 Block Diagram of Water4aa Shift Coaversion 
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which reprcsenl: thc cncrgy bal.ance rc la t ions l i ip  s t a r t i n g  from the 
given inl.ct- tciopcratiircs. l'lic i n t c r s c c t i o n  of a d i a b a f i c  pat11 v i . L I i  
equili.brium cui:vc i s  a d i a h a t i  c-equi1.i briuni p o i n t ,  .indicating tile. 

niaxiniiiin aLtaiiiab1.e conversion and tenipei-aturc i n  an  adiabati.c, opcrnt jon.  
The i n l e t  gas tcIilpp.rature t o  r e a c t o r  is one of the dccis ioi i  var iabl .cs ,  
having a n  a31.owablc range,  bcltween GOO"1: t o  E 0 O " F .  The niaximuiii a1l.owable 
o p e r a t i n g  teiiiperature i s  scl .cctcd a s  900"F, because experi.nicntal.ly i.t  has 
been sliom that  uiidc.sirab1.c phe-noiiicna such a s  c a t a l y s t  si.ntc!ring and carbon 
deposi t i .on could t a k e  p l a c c  above this teiiipcrattire. . 

The optimizat ion of r c a c t t i r  p a r t  i s  1.0 f i n d  the rc!ac.tioii condi t ions  a t  which 
t h e  t o t a l  annual .  c o s t  5s minifiiizcd. HoI?ever, s i n c e  t h e  e n t i r e  systeni t o  be 
optimized incl.udes heat e : tc l ian~ers  a l s o ,  the  optimuin condi t ions  cannot 
b e  deci.ded from the r e a c t o r  s t u d y  aI.on?. I n  o t h e r  words, the react.or i s  
regarded a s  one s tage  w h i l e  thc. e n t i r e  process  c o n s t i t u t e s  a mult i -s tage 
process .  Therefore ,  a t  each s t a g e  the optinial. d e c i s i o n s  a r e  obtai-ned 
f o r  every admissible  v a l u e  of s t a t e  v a r i a b l e s .  I n  t h i s  s t u d y  the 
q u a n t i t i c s  to b e  decided f o r  t h c  opt imiza t ion  of t h e  r e a c t o r  a r e :  the 
h l e t  g a s  t.esipcrature, t h e  conversion (or  by-pass f r a c t i o n ) ,  and thc 
diameter of r e a c t o r .  I f  we s e l e c t  the tempcrature of gas as t h e  s t a t e  
variab1.e and t h e  r e n a i u i n g  q u a n t i t i e s  a s  the d e c i s i o n  v a r i a b l e s ,  t h r n  
t h e  r e a c t o r  op t in iza t i -on  v i 1 1  fol low the procelure  of searching foi: the 
optiinun conversion and  optiniun diameter  f o r  every adni.ssib1.e val.uc o i  
t h e  i n l e t  gas temperature .  

It can b e  pl-oveiy. t h a t  f o r  a given r e a c t o r  v o l u ~ i e ,  a soial.l.er dianietcr 
r e a c t o r  weighs l e s s  t h a n  t h a t  of a I.argcr dianieter r e a c t o r  because of the  
th ickness  of t h e  r e a c t o r  val.1.. Therefore ,  once the volume of t h e  r e a c t o r  
i s  determined froio t h e  conversi.on, the s m a l l e s t  diaineter xaill. b e  chosen 
as the  opti.nui:i d iameter  vhic;i o f f e r s  t h e  a1lor:able pressure  d rop  throush 
t h e  r e a c t o r .  This reduces  the nuober of d e c i s i o n  v a r i a b l e s  a n d  sir:i:l.ifies 
t h e  c a l c u l a t i o n .  
The procedure of r e a c t o r  op t iwiza t ion  i s  a s  f o l l o w :  

1. The a d i a b a t i c  equi l ibr ium conversion and t e n p e r a t u r e  a r e  
dcterr.ii.ned for  each .of the assumed i.nlet temperatures  vit:i g iven feed 
conposi t i o n .  

2 .  An ini.tia1. t r i a l .  v a l u e  of di.anietei- i s  e s t i o e t e d  ap~ro:. : inatel .y 
from the required convers ion ,  the  average teniperature and  the  pressure 
of tlic gas s t r e a z .  

aunual. c o s t  f o r  the  r e a c t o r  p a r t  i s  ca lcu la tcd  a t  each poilit along t h c  
a d i a b a t i c  l i n c  by a sui tab1.e  i n t e r v a l  of conversion. I n  t h i s  proccdui-e, 
s e a r c h  nicthocls such as E'iboiinc.ci Scarch or  Golden Sec t ion  Scarcti inay bc 
uscd  f o r  higlicr eEfi.cicucy, b u t  i n  t he  p r e s e n t  s t u d y  a constant  intcrvcil of 
0.05 i s  t a k e n  f o r  s i m p l i c i t y .  >lcanviii.l.e, a t  each convcrsion tlic cor rec t  
dianictclr of tlic r e a c t o r  s a t i s f y i n g  tiie pressure drop l i n t i t a t i o n  i s  c a l c u ~ a t c d  
by i t e r a t i o n s .  I t  i.s noted t h a t  the detr.riiiin;ition of colivcrsion i.n the  
r e a c t o r  tises autoi i~aLic.~l l .y  tlic by-p:i::s fracLi.cn of tile fccd E ~ S .  

is  obtni.nctl f o r  a siii::le r c n c i o r ,  t l i c  optinwiti nui:hc.r of renc.tnrs i n  

3 .  Star t i .ng from tiie poin t  near the e q u i l i b r i u n  conversion,  the  

4,. Oncc tiie opL.i i t i i ini  cniivcrsioii an<! tile c o r r c c t  vaI.iie o f  tiic din:i!etci- 
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p a r a l l e l  can b e  dccidcd r e a d i l y ,  based on t h e  optimum space v d o c j  t y  
a l ready  deterniiiied. 

, /  , 

After  t h e  hea t  exchanges and r e a c t o r  a r e  optimized i n d i v i d u a l l y  for 
every 'admissible  inl .e t  and  o u t l e t  gas  temperatures ,  t h e  r e s u l t s  can be 
combiued t o  l o c a t e  t h e  optimum temperatures  f o r  the o v e r a l l  system; 
acconipl'ish t h i s ,  f i r s t  i t  is  necessary to, d e c i d e  t h e  steam temperature, Ts, 
i n  F igure  1. Apparentl-y, . t h e  i n c r e a s i n g  v a l u e  of 
of H1 b u t  a f f e c t s  t h a t  of  112 adverse ly  i f  TR 
oppos i te  tendencies ,  can be  combined t o  show t h a t  t h e  h i g h e s t  p o s s i b l e  
Tkil and consequently t h e  I.or.rest p o s s i b l e  TS should be  s e l e c t e d  f o r  an 
economical opera t ion .  I n  t h i s  s tudy  TS is s e l e c t e d  as  t h e  s a t u r a t i o n  
temperature of steam a t  .the opera t ing  pressure .  Once t h e  t e n p s r a t u r e  
of steam is fixed:, t'he remaining procedure is s t ra ight forward .  For 
every va lue  of- TR. t h e  val.ue of T H ~  is c a l c u l a t e d  by m a t e r i a l  and 
energy balances around p o i n t  A .  Since t h e  corresponding v a l u e  of. 
Trrf is. already obtained by a n  optimum XK i n  t h e ' r e a c t o r ,  s in i la r  
m a t e r i a l  and energy bal-anccs around poin t  E y i e l d  t h e  v a l u e  of Tl1 . 
Hence, a l l  t h e  necessary i n l e t  and o u t l e t  temperatures  f o r  es t imazing 
t h e  o v e r a l l  c o s t s  are determined. 

C.  Cold-Quenching Reactor 

To 

Tl1 . favors  t h e  cos t  
is f i x e j ,  These two 

. .  

The a d i a b a t i c  s y s t e n  provides  a s imple and economical process  
when the  Concentrat ion of carbon monoixde. i n  t h e  f,eed. gas s t ream 
is lot:. 
evolu t ion  i.s so  high t h a t  t h e  removal of h e a t  from t h e  s y s t e a  becozes 
necessary i n  order  t o  keep t h e  r e a c t i o n  temperature  w i t h i n  t h e  
d e s i r a b l e  range.  Hence, frolo the p o i n t  of temperature  c o n t r o l ,  more 
f l e x i b l c  cold-quenching s y s t e m  m u s t  b e  employed. I n  i a t e r - g a s  s h i f  1: 
converter  cold-quenching is achieved by i n j e c t t n g  a s u i t a b l e  amount 
of cold water  and vaporLzinp i t  i n  t h e  .quenching zone of :he r e a c t o r .  
Since steam is a r e a c t a n t  and is  requi red  i n  excess ,  the  water-quenching 
accomplishes d u a l  e f f e c t s :  
F igure  3 (a) shows t h e  present  sys.tex of cold-quenching water-gas 
s h i f t  conversion process .  
p rogresses  under a n  a d i a b a t i c  condi t ion .  \.!hen t h e  r e a c t i o n  h a s  
achieved a c e r t a i n  e x t e n t  of conversion,  the  quenching i s  performed 
in the  quenching zone by a pressur ized  low temperature  cool ing  water ' 

which i s  coniplete1.y vaporized and mixed with tlie r e a c t i n g  gas  s t ream 
.before  e n t e r i n g  t h e  n e s t  reacJ ion  zone. Care m u s t  be  exerc ized  f o r  t h e  . 
desi.gii and opera t ion  of quenching zone t o  a s s u r e  compl.ete vapor iza t ion  
of water i n  tlie qucnchi.ng zone, o therwise  t h e  unvaporized water wi.11. 
d r a s t i - c a l l y  contaminate t h e  c a t a l y s t  i n  t h e  subsequent r e a c t i o n  zone. 
Af te r  quenching, . the  low temperature  g a s  cont inues  t o  r e a c t  i n  t h e  

u n t j l  t h e  des i red  conversion is  achieved.  The c m l i n ;  process  i n  tllc 
product- gas cooler  wliicii fol lows t h c  r e a c t o r  is tlic snmc a s  t h a t  of 
the adiabat i .c  systeni. 

However, when the CO concent ra t ion  i s  h i g h  t h e  r a t e  of h e a t  

I 

temperature  reduct ion  and s t e a n  supply. 

I n  t h e  f i r s t  r e a c t i o n  zone the  r e a c t i o n  

. 

. . .  
secubt" ic'ici1.ui.n ~ c t ~ t c .  ' i i tc  a .Ptc. inatr qii2~1~ia.li~g anc i c r c c i ~ c ~ ~ ~  L ~ t , ~ l , , u c  
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sj.iicc (:he C ~ J ~ d - - ~ ~ ~ l ~ i i r l , j n ; : . i l i l l ~ ;  syt;tc!ii c.niisi. of a s e r i c s  of ac1iahat:i.c bed:;, 
tlic! typiclnl. opt-iiqliznt joii Lecliniqiic f o  l l l . L i - - S  tngC I J I - O C e S S  , ?2111CJl.y 
dynaiiijc pro(;raiiiiiiiiy j.:; used. 
klasccl on t l ~ c ?  r w u l  ts of  siiiiiilat'icln. l'lic liacliwai-d dynariii c prop,r;~iii i s  c!::pt-c 
by t i le  we3 1 laio\sn GC?I.I.III;III 'S pr inci .pl  e of optioizal i.t:y [ 21 as:  " \ h a t e v e r  
tlie i.nj.tia1. s t a t e  and d e c i s i o n s  a r e ,  t.hc r m a i i i i n ~  d e c i s i o n s  must 
c o n s t i t u t e  an optinin]. po1.i c y  wit,ii regard t o  the stat.e resuI.t:i.ng from the 
f irst  dccis ion."  I n  c o n t r a s t  t o  t h e  bacl:\~inrcl dynamic prograin algorit.hm, 
a forward dyi1aiili.c prograin al.gori t h i n  [ 31 h a s  bccn proposcd a s  : "\,!hatever 
thc ensuing s t a t e  a n d  d c c i  sioiis  are., tlie pi:ec.eding d e c i s i o n s  must 
c o n s t i t u t e  an o i ~ t i ~ a l .  p o l i c y  w i t t i  L-cgrrrd to  vhe s t a t e  existing before  
the l a s t  dec is ion ."  
w i l l  dcpend on the  typc  o f  problciit a s  well a s  the given boundgry condi t ions .  

I In Fi&ure 3(a) t h e  i n i t i a l  s t a k  (X , T I ) ,  and f ina l .  statcb (XE,TF) a r e  
i b e d  e a r l i e r ,  b u t  a l l  o t h e r  va lues  a t  interoiedj.ate s tages  
i n e d  by opti.iiiization. Xov f rom t h e  r e l a t i o n s h i p  between 

In t l i j s  s t u d y ,  a L l i r v c - - s t a ~ c  s y s t r i i i  i s  ? ;~ lcc tc :d  

Thc sel.c.ction of backward o r  fortcard a l g o r i  thiii 

t h e  va lue  of Sf and the amount of gas  by-passed, i t .  i s  ? o s s i b l e  t o  
confi.ne the  system of o p t i n i z n t j o n  t o  t h s  regi.on sCii.rounded hy  t h e  
d o t t e d  l i n e  i n  E'i.gur;-e 
be. optimized with Xi given .  

Each s t a g e  except s t a g e  1. c o n s i s t s  of  opc quetichl.ng zone and one r c a c t i o n  
zone, an? has  tvio s t a t e  v a r i a b l e s  X, T, and two deci.sior1 v a r i a b l e s  i.! 
and AX. For esainple! i f  ve use  backvard algori thio i n  s t a g e  3 ,  f o r  any 
given v a l u e  of (S;, T $ ) ,  we can f i n d  t h e  optiii!al de.cision lt!3 and AS3 
such t h a t  t h e  t o t a l  c o s t  i s  minimized. 
water  I.!, i s  used,- t h e  p r inc j .p l e  of coaputa t iona l  pr.ocedure i s  s t i l l  t h e  
saine . 

j(::). Figure  3 (b )  siio:.!s the modified sys t e in ' t o  

i n  s t a g e  1. a l though no queuchiu:, 

General ly ,  a baclxard approach has been u s e d  more f r e q u e a t l y ,  and can be 
a1.so appl ied  t o  the present  problem. Ho;;.cver, i n  t h i s  s t u d y  the  forcrni-d 
concept i.s used because f i - r s t l y  , t h e  problem i s  of i n i t i a l .  condi t ion  
type,  and secoi td ly ,  the. equilibri .um coristraj .nt  e.xi .st ing a t  the end of esch 
s t a g e  i s  h e l p f u l  f o r  taki.ng t h e  admissible  ranges  of s t a t e  v a r j a b 1 . e ~ .  

T h e  gencra~.  recurrance f o r s : u ~ a  i.n i<-stage process  i.s 

- where - 
YN and 
GN aiid Fh are  the o b j e c t i v e  and mininiuiil objecLivc f u n c t i o n ,  
r e s p c c r i . \ d  y. 

Os a r c  t l ic s ~ a t e  and d e c i s i o n  v e c t o r s  a t  the X-t t l  stage 

Then t h e  f o l l o v i r ~ ~  L u n c t h n a l  rcjurrtiou can h e  u r i t t e n  f o r  c a c ! ~  s t a z e .  
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F i r s t  s t a g e ,  

Second s t age ,  

Third s t age ,  

\ Based on t h e  above equatioils and us ing  t h e  material and energy ba lance  
r e l a t i o n s ,  the  opt imiza t ion  is  performed s t a r t i n g  from the  f i r s t  s tage .  
Although t h e  system i s  d i f f e r e n t  and involves  t h e  mult i -dimensional i ty  
problem, t h e  b a s i c  p r i n c i p l e  f o r  op t imiza t ion  a t  each s t age  is q u i t e  
s i m i l a r  t o  t h a t  of t h e  a d i a b a t i c  system. I n  each case  the  amgunt of 
quenching water i s  ad jus t ed  wi th in  t h e  capac i ty  of quenching zoae, and 
t h e  i n t e r v a l s  of  v a r i a b l e s  a r e  proper ly  s e l e c t e d  based on t h e  s e n s i t i -  
v i t y  of ob jec t ive  func t ion  and on t h e  computing t i m e .  A l i n e a r  i n t e r -  
po la t ion  approximation is  app l i ed  t o  connect t h e  s tages .  The computa- 
t i o n a l  procedure i s  a s  fol lows:  

I 

1 

f 1. A t  t h e  e x i t  of t h e  first s t age ,  t h e  admissible  ranges of X1 and 
T a r e  found. I n  doing t h i s ,  t h e  r e s t r i c t e d  range of opera t ing  temperature, 
550'F_<T<gOO"F, and t h e  equi l ibr ium temperature-conversion r e l a t i o n -  
s h i p  a r e  considered. Then wi th in  t h e  range 
l a t t i c e  p o i n t s  of (Xf,Tf) a r e  formulated. 

The corresponding Ti f o r  each of  t h e  l a t t i c e  poin t  i s  c a l c u l a t e d  
us ing  ma te r i a l  and energy babe r e l a t i o n s h i p  i n  t h e  s tage .  The s i z e  of 
r e a c t o r  is evaluated,  t h e  annual  c o s t ,  G1, i s  t h e n  obtained ana t abu la t ed .  

S imi la r ly ,  a t  t h e  e x i t  of  t h e  second s t a g e  t h e  admiss ib le  values  
of ( X I  T2f) a r e  found. 

and t h e  evaluated G2's a r e  l i s t e d .  

1 

t h e  netwise two-dimensional 

1 1  
2. 

I 

t 

2; (Xi, Ti ) 's a r e  c a l c u l a t e d  f o r  d i f f e r e n t  va lues  of -(A<, W,), 

5. 

6. 

- .  2 

In t e rpo la t ion  is  performsd between (Xf Tf) and (X;,Ti), and t h e  

By a s i m i l a r  computation a t  t h e  t h i r d  s t age ,  a l l  t h e  va lues  of 

minimum values  of (G1+G2) obta ined  a r e  l i s t e d  'io? every va lue  of (X2,Tz). f f  

(Ax3, w3)* 
(X:,T;) and G3 are a l s o  obtained from t h e  admiss ib le  va lues  of (Xf Tf)  and 

In t e rpo la t ion  i s  performed between (Q T ) and (X; , T3). 

3' 3 
f f  - i  

7. 
Hence 
of (X' Tf) ,  

i 2  t h e  t o t a l  ob jec t ive  func t ion  (G +G +G ) is obtained for every value 
1 2  

from which t h e  optimum r e s u l t  i s  found. 
3' 3 

Again t h e  r eac to r  p a r t  and h e a t  exchmger  p r t  can be  combined by t h e  
s i m i l a r  'procedure shown i n  adfahat.: r cyst.ern. 

1 
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6. RESULTS 

Adiabat ic  system: Figure 4 shows t h e  r e a c t i o n  r a t e  p r o f i l e s  
along the r e a c t o r  and Figure 5 i l l u s t r < i t e s  the annual c o s t  .vs .  
r e a c t o r  i n l e t  temperature  f o r  t h e  low CO casc .  The optimum opera t ing  
condi t ions and corresponding c o s t s  a r e  l i s t e d  i n  Tables 2 and 3 f o r  
both the  low CO case and t h e  high CO case.  

Cold-quenching system: The r e a c t i o n  r a t e  p r o f i l e  f o r  the  low CO 
casc, and r e a c t j o n  pa ths  f o r  both cases  a r e  shown i n  Figures  6 t o  8 ,  
r e s p e c t i v e l y ;  t h e  optimum opera t ing  condi t ions  and c o s t s  a r e  l i s t ed  i n  
Tables  4 t o  6.  

7. DISCUSSION 

A. Effec t  of St-ean t o  Gas Rat io  on 0ptinii.zation of Adiabat ic  
Wafer-Gas S h i f t  Conversion S y s t e m  

A s  a l ready  i n d i c a t e d ,  t h e  steam t o  gas  ra t i .0  i s  one of t h e  mcst 
important f a c t o r s  i n  t h e  opt imiza t ion  of water-gas s h i f t  conversion 
sy'stem. However, i t s  de termina t ion  i s  not  s t ra ight forward .  To s e e  
how t h i s  f a c t o r  a f f e c t s  the performance of the  reactj.on and t h e  opti.- 
mizat ion,  d i f f e r e n t  va lues  of steani t o  gas  r a t i o  \;ere employed f o r  
t h e  low CO case  i n  t h e  a d i a b a t i c  system. Figure 9 shows the  r e a c t i o n  
r a t e  p r o f i l e s  a long t h e  r e a c t o r  he ight  wi th  d i f f e r e n t  steam t o  g a s  
r a t i o s  of 0.8,  1 . 0 ,  and 1 . 2 .  
l i s t e d  i n  Table  7 ,  i n d i c a t i n g  t h a t  t h e  inajor d i f f e r e n c e  i n  c o s t  cones 
froiu the  v a r i a t i o n  i n  t h e  amount of s t e a n  al thwigh t h e r e  i s  a l s o  a 
cons iderable  change i n  o ther  c o s t s .  

The opera t ing  condi t ions  and c o s t s  a r e  

3. Effec t  of P r e s s u r e  on the Reactor Perforinance 

Since l i t t l e  is known about  the r e a c t i o n  k i n e t i c s  above 450 p s i g ,  
t h e  v a l i d i t y  of r a t e  equat ion used i n  t h i s  s tudy i s  uncer ta in  above 
t h i s  pressure .  Besides ,  most of t h e  commercial p l a n t s  a r e  operated 
around 400 p s i g  or  l e s s ,  due t o  t h e  experimental  f a c t  t h a t  t h e  
a c t i v i t y  of iron-chronium-oxide c a t a l y s t  i n c r e a s e s  r a p i d l y  with 
p r e s s u r e  i n  t h e  low pressure  range but  above 400 p s i g ,  t h e  e f f e c t  
of pressure  becomes i n s i g n i f i c a n t .  

Two a d d i t i o n a l  opera t ing  p r e s s u r e s  of 300 p s i g  and 600 p s i g  a r e  
s e l e c t e d  t o  s tudy  t h e  e f f e c t  of p r e s s u r e  on the a d i a b a t i c  r e a c t o r  
opera t ion .  F igure  10 shows the p r o f i l e s  of r e a c t i o n  r a t e  and Table 
8 l i s t s  t h e  o p e r a t i n g  condi t ions  and c o s t s .  These results i o d i c a t e  
t h a t  a t  high p r e s s u r e  al though the r e a c t i o n  r A t e  i s  increased and 
uiisequen;ly t h e  -;uL~,L G: ----*-I L L - U \ _ C U L  :- A., UCCLL'.aeG, I------ :!.2 ;czt :f r:z:tsr 
becomes h igher  h e c a a s r  of t h e  r e a c t o r  wall th ickness .  Therefore ,  
i n  genera l ,  t h e r e  i s  na reason t o  opera te  t h e  rc3c t ion  a t  a high 
pressure  unless oLher p a r t s  of the g a s i f i c a t i o n  processes  are 
conducted under h igh  pi essures .  



- 71 - 

I' I * 

- 
Parameter: . Inlet Tenp&ature. .F 

600 ' 

I I 
10 

Figure 3 ( 4  . X: Conversion of co 
T: Temperature 
5: Steam 
Y: Quenching Water 

a1 

r 

Figure 3 Block Diagram of Cold-Quenching Uater4G.S Shift 
C m e r s l o n  Systen Considered for Optiniretion 

\ 

5.0 

a 

uenctoi Hc1ght. ft. 

Flgure 4 Reaction Fate Prorilcs In Adiabatic Reactor for 
Lov CrJ cssc 



- 7 2  - 

1- 

t 

I 

. . . . _  
--.-*n 



- 73 - 

? 

0.70 - 
e 

-.-- 
100 800 820 840 860 880 900 

Reacrlan Temperature. .F 

Figure 7 Reaction P a t h  Under Oprlnuc Condition in C o l d - p u e n c h l w  
Rrsclor for Lm eo ca*e 

1.00 I I 

950 

Leactio" Temperature. si  

Flgurc 8 Reacrlon P s t h  Under Optlrum Candlflan In Cold-Quenchlng 
Reactor for Hlgh u) Case 

\ 



- 74  - 

-4 

.. 
4 
.o 

c 
I 

u 

0 

u 
0 

3 
3 



- 75 - 

I U 

0 

4 

pc 

c o  4 v  

4 

c 
n 

c . 
n 

* 



- 76 - 

0 
.-I . 

Y 

0 



- 77 - 

Parameter: Steam t o  cas Satiocslc) 
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Figure 9 Effect of Steam t o  Cas Rat10 on Reaction Rate in Adiahatir.Reastor 
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C; Comparison of t he  Resul t s  Using D i f f e r e n t  Reaction Rate Expressions 

In s e c t i o n  2, two types of rate equat ion ,  namely the  pseudo-f i r s t  
o rder  equa t ion  (2) and the second order  equat ion  (11) are discussed. 
Since t h e  des ign  of t he  r e a c t o r  depends g r e a t l y  upon t h e  r a t e  equation, 
i t  w i l l  b e  necessary  t o  compare the r e s u l t s  obtained us ing  t h e  two 
rate equa t ions .  
based on t h e  two equat ions  a r e  l i s t e d  i a . T a b l e  9 
r eac to r .  
p re s su res ,  300 p s i g  is s e l e c t e d  as t he  ope ra t ing  pressure .  
seen from the t a b l e  only  sma l l  d i f f e r e n c e s  e x i s t  between the  two 
r e s u l t s  i n d i c a t i n g  t h a t  t h e  water-gas s h i f t  r e a c t i o n  can be represented  
by either of t h e  two equat ions  i n  t h i s  range. The second order  equation 
however seems to provide  more conserva t ive  estimate than the  f i r s t  o rder  
equation. 

b. 

The ope ra t ing  condi t ions  and t h e  corresponding c o s t s  
f o r  t h e  a d i a b a t i c  

Because the  a p p l i c a b l e  range of bo th  equat ions  favors  low 
As can be  

P res su re  Drop in Quenching Zone 

Since the quenching zone is u s u a l l y  packed wi th  r i n g s  and saddles ,  
more p r e s s u r e  drop  is expected i n  t h i s  region. 
equat ions  may b e  used f o r  t h e  approximat6on of p re s su re  drop: 

2 

E i t h e r  of the following 

(44) i2  m/z = 0.012 C ~ G  /6gce 

or n AP/Z = k' v (45 )  [I 
I 

I f  t h e  values, G = 7000 l b / ( f t ?  hr.)  and 
then AP/Z = 0.05 (44)and 0.03 p s i l f t  by equation 

be neglec ted ,  un le s s  t he  packing he igh t  i s  much l a r g e r  than an t i c ipa t ed .  

8 = 1.5 l b / f t 3  are used, 
p s i / f t  by equat ion  

(45). Therefore  t h e  p re s su re  drop through quencing zone i n  t h i s  study CE 

E. E f f e c t  o f  Su l fu r  Content i n  Gas 

The s u l f u r  conten t  I n  gas  is another  impor tan t  f a c t o r  a f f e c t i n g  
g r e a t l y  the  performance of water-gas s h i f t  r eac t ion .  
amount of s u l f u r  exceeds the  a l lowable  va lue ,  t h e  c a t a l y s t  a c t i v i t y  
d e t e r i o r a t e s  cons iderably  r e q u i r i n g  p e r i o d i c a l  gene ra t ion .  
s i n c e  t h e  a l lowable  s u l f u r  conten t  v a r i e s  cons iderably  depending on 
t h e  type  of c a t a l y s t  used, t h e  d e t e r n i n a t i o n  must be based on the 
experimental  daEa obtained from t h e  s p e c i f i c  c a t a l y s t .  

Therefore,  i f  t he  

Bowever, 

The s tudy  of Bohlbro 151 i n d i c a t e s  t h a t  t he  k i n e t i c s  of water-gas 
s h i f t  r e a c t i o n  may be modified by t h e  presence of 82s i n  the  feed gas. 

100 ppm ( p a r t  per  n i l l i o n )  on ly  phys ica l  adso rp t ion  on the su r face  of 
c a t a l y s t  t a k e s  p l ace ,  b u t  above 1000 ppm k i n e t i c s  w i l l  be  a l t e r e d  because 

1 
According t o  h i s  experirnonral r n c i i l t z ,  if the  cc=t=nt cf IT ..p J -  1 - - -  &an 

i 

. -. 
I 

I 
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of t h e  t ransformation of i r o n  oxide i n t o  i r o n  s u l f i d e .  On t h e  o t h e r  hand, 
G i r d l e r  171 descr ibed  t h a t  s u l f u r  conten t  above 150 ppm reduces t h e  
a c t i v i t y  of c a t a l y s t  g r e a t l y ,  b u t  below 50 ppm s u l f u r  does n o t  have any 
s i g n i f i c a n t  e f f e c t  on t h e  a c t i v i t y  of t h e i r  c a t a l y s t .  
d i scussed  t h e  e f f e c t  of s u l f u r  conten t  on a c t i v i t y  of c a t a l y s t  showing 
removal of s u l f u r  compounds from t h e  feed gas  i n c r e a s e s  t h e  performance 
of r e a c t o r  considerably.  

Mars [13] a l s o  

The s u l f u r  conten t  i n  rziw gas  from the g a s i f i e r  v a r i e s  widely depending 
on the process ,  some of which could have as much as 0.9% of H2S. 
t h i s  s t u d y  is made hased on t h e  assumption t h a t  t h e  s u l f u r  conten t  is 
small enough t o  b e  t o l e r a t e d  by the  c a t a l y s t  without  caus ing  s u b s t a n t i a l  
d e a c t i v a t i o n .  
very high,  i t  is p o s s i b l e  i n  most cases t o  s e l e c t  a proper  type of 
c a t a l y s t  t h a t  w i l l  wi thstand the  s u l f u r  poisoning f o r  s u b s t a n t i a l  l ength  
of the .  On t h e  o t h e r  hand, i f  t h e  c a t a l y s t  g e t s  d e a c t i v a t e d  it is 
also p o s s i b l e  t o  modify t h e  space v e l o c i t y  i n  t h e  r e a c t o r  t o  t h e  
corresponding r e d u c t i o n  i n  catalyst  a c t i v i t y .  The r e c e n t  s t u d y  of Ting 
and Wan 1191, shows another  approach f o r  handl ing su l fur -conta in ing  gases .  
Here the rate c o n s t a n t  is modified by a s u l f u r  c o r r e c t i o n  f a c t o r ,  t h e  v a l u e  
of which are obta ined  i n  t e r m s  of o p e r a t i n g  p r e s s u r e  up t o  30 a t m .  f o r  the 
gases conta in ing  H2S as high as 0.24%. 

F. S e n s i t i v i t y  Analysis  

However, 

I n  g e n e r a l ,  u n l e s s  t h e  s u l f u r  conten t  i n  the feed gas  i s  

The c u r r e n t  op t imiza t ion  involves  a number of s p e c i f i c  system 
parameters. But t h e  information on t h e s e  parameters are n o t  n e c e s s a r i l y  
accura te .  Such a n  u n c e r t a i n t y  of parameters is incurred  by various 
i n t e r n a l  and e x t e r n a l  f a c t o r s  and may a f f e c t  t h e  performance of 
op t imiza t ion  cons iderably  under c e r t a i n  condi t ions .  The s e n s i t i v i t y  
s tudy h e r e  is  intended t o  b r i n g  about a b e t t e r  system performance by 
analyzing t h e  e f f e c t  of v a r i a t i o n  i n  parameters  on o b j e c t i v e  func t ion .  
The s e n s i t i v i t y  of  a given parameter ,  Se may b e  represented  as (221 

Se = [(J - J ) / ~ ] / [ ( W  - ;)/GI (461 

Refer r ing  t o  t h e  r e s u l t s  l i s t e d  i n  Table  10, i t  i s  seen  t h a t  t h e  
o b j e c t i v e  f u n c t i o n  i s  most s e n s i t i v e  t o  t h e  parameters  involved i n  k i n e t i c  
expression.  
p e l l e t  play an important  r o l e  i n  t h e  r e a c t o r  performance. 

As i s  a l s o  expected,  t h e  dimension and c h a r a c t e r  of c a t a l y s t  
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8.  CONCLUSIOX 

A. I n  t h e  opera t ion  of water-gas s h i f t  r e a c t o r ,  steam c o s t  occupies  
t h e  major por t ion  of t h e  t o t a l  c o s t .  The reduct ion  of t h e  anount of 
steam is t h e r e f o i e  most important  i n  making t h e  process  inore economical. 

B. The t o t a l  annual c o s t  i s  not  g r e a t l y  a f f e c t e d  by t h e  v a r i a t i o n  i n  
t h e  r e a c t o r  i n l e t  temperature between 650°F t o  750°F when t h e  concent ra t ion  
of CO i n  the feed gas i s  low o r  moderate. 
concent ra t ion ,  hovever, t h e  s e n s i t i v i t y  due t o  t h e  i n l e t  temperature 
v a r i a t i o n  is increased.  

C. 
i n  most c a s e s ,  which i s  mainly due t o  t h e  r o l e  of steam c o s t  i n  the 
o b j e c t i v e  func t ion .  

D. 
not be a c c u r a t e  f o r  high p r e s s u r e s ,  t h e  o p e r a t i o n  beyond 400 p s i g  Goes 
not  s e m  to h2vc any p a r t i c u l a r  advantage. 

E. I n  cold quenching r e a c t o r ,  major p a r t  of the  t o t a l  conversior. is 
achieved i n  the  f i r s t  s t a g e  hut  bo th  t h e  f i r s t  and t h e  l a s t  s t a g e  cf  
t h e  r e a c t o r  occupy the  l a r g e s t  p o r t i o n  of o v e r a l l  r e a c t o r  systen:. 

F. The concent re t ion  of CHG and CO i n  t h e  feed gas  is the  p r h a r y  f a c t o r  
a f f e c t i n g  t h e  process  c o s t .  Because o f  the  s t e a n  cos t ,  t h e  cold-quenching 
s y s t e n  i s  less c o s t l y  than th2  a d i a b a t i c  s y s t e n  i n  m o s t  ceses ,  p a r t i c - i l a r l y  
i n  t h e  h igh  CO concent ra t ion  case .  However, i f  t h e  s t e z n  can be  igmrec!, 
th:! a d i s b z t i c  sys ten  w i l l  b2 s u i t a b l e  f o r  low CO concent ra t ion  of  less 
t h a n  35% 0x1 d r y  b a s i s .  

G. 
somewhat s e n s i t i v e  t o  t h e  p a r a z e t e r s  r e l a t e d  t o  the  k i n e t i c  express ion  
and t h e  charac te r  of c a t a l y s t  p e l l e t ,  i n d i c a t i n g  t h a t  s g e c i e l  c a r e  
must be  exerc iseJ  f o r  the  d e t e r a i n a t i o n  of t h e s e  p a r a n c t e r s .  

For  t h e  g a s  of high CO 

The optimum conversi& is  very  c l o s e  t o  t h e  e q u i l i b r i u n  conversion 

Althcugh t h e  k i n e t i c s  information of water-gas s h i f t  r e c t i o n  may 

Fro= t h e  s e n s i t i v i t y  s tudy ,  t h e  o b j e c t i v e  f u n c t i o n  ~ p p e 2 r e d  t 3  b2 
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NOKENCL ATURE 
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Da 
D elyD% 

dP 
E 

Fd 

%SGS 

h' 
P 

J,J 

Adiabat ic  p a t h s  i n  r e a c t i o n  zones of the f i r s t ,  second and 
t h i r d  s t a g e s ,  r e s p e c t i v e l y  
Heat t r a n s f e r  a r e a s  of t h e  hea t ing  zone, t h e  vaporizing zone, 
and the t o t a l ,  r e s p e c t i v e l y  [ s q . f t . ]  
B a f f l e  spac ing  [ f t . ] ,  and Brake horse  power [hp.], r e s p e c t i v e l y  
Concent ra t ion  of component i [mole f r a c . ] ,  and concentrat ions 
of product  gas i n  bulk of g a s  phase and a t  c a t a l y s t  s u r f a c e  
[ l b  mole/cu.f t . ] ,  r e s p e c t i v e l y  
A-constant r e l a t e d  t o  t h e  packings and f l u i d  f low 
Height of a u n i t  compartment [ f t . ]  
Heat c a p a c i t i e s  of gases  and water, r e s p e c t i v e l y  [BTU/(lb.OF)] 
Molar temperature-mean h e a t  c a p a c i t y  of component i [BTU/(lb mole,OF): 
Cost p e r  podnd of material used f o r  cons t ruc t ion  of r e a c t o r  shell  
[ $ / l b ] ,  and c o s t  year  index, r e s p e c t i v e l y  
C h a r a c t e r i s t i c  l e n g t h  in r e a c t o r  and i n s i d e  diameter of r e a c t o r ,  
r e s p e c t i v e l y  [ f t. ] 
Axial d i s p e r s i o n  c o e f f i c i e n t  [ s q . f t . / h r . ]  
E f f e c t i v e  d i f f u s i v i t y  of CO i n  c a t a l y s t  pores  a t  1 atm and a t  
p r e s s u r e  p, r e s p e c t i v e l y  [ sq . f t . /h r . ]  
I n s i d e  d iameter  of tube,  equiva len t  diameter  f o r  h e a t  t r a n s f e r  
tube ,  and i n s i d e  s h e l l  diameter of h e a t  exchanger, r e s p e c t i v e l y  [ f t . ]  
Diameter of c a t a l y s t  pel le t  [ f t . ]  
A c t i v a t i o n  energy i n  pseudo f i r s t  o rder  r a t e  equat ion  [BTU/lb mole] 
E f f i c i e n c y  of  t h e  l o n g i t u d i n a l  j o i n t s  i n  c y l i n d r i c a l  s h e l l s ,  and 
mechanical e f f i c i e n c y ,  r e s p e c t i v e l y  
Cost  of  c a t a l y s t  [$I and steam [ $ / y r ] ,  r e s p e c t i v e l y  
Costs of h e a t  exchanger, pump, r e a c t o r  and c a t a l y s t  support ing 
t r a y ,  r e s p e c t i v e l y  [$]  
f l a t  b lenk  diameter  of top and bottom of domes of r e a c t o r  [ f t . ]  

Molar f low rates of component i a t  (n-1)-th compartment and 
n-th compartment, r e s p e c t i v e l y  [ l b  n o l e / h r ]  
S h e l l  s i d e  f r i c t i o n  f a c t o r  [ sq . f t . / sq . in . ]  
G r a v i t a t i o n a l  a c c e l e r a t i o n  [ f t . / sq .hr . ]  
S u p e r f i c i a l  g a s  mass v e l o c i t y  [ l b . / ( s q . f t . h r . ) ]  
Mass v e l o c i t y  i n  tube  s i d e  and she l l  s i d e ,  r e s p e c t i v e l y  
[IbRsq. f t .hr  . ) ] 
Hydraul ic  head [ f t . ]  
Heat of  r e a c t i o n  a t  any temperature  and a t  temperature To, 
r e s p e c t i v e l y  [BTU/lb mole CO] 
Film heat t r a n s f e r  c o e f f i c i e n t  i n  i n s i d e  and o u t s i d e ,  
r e s p e c t i v e l y  [BTU/(sq.ft.hr.OF)] 
Fluid-par t i c l e  h e a t  t r a n s f e r  c o e f f i c i e n t  [ BTU/ (sq . f t . h r  . OF) ] 
Unit  cost of c a t a l y s t  [$/cu.f t . ]  and cost f a c t o r ;  r e s p e c t i v e l y  

Objec t ive  f u n c t i o n  f o r  a g iven  v a l u e  o f  parameter and c h a t  a t  
the optimum condi t ion ,  r e s p e c t i v e l y  
Heat t r a n s f e r  f a c t o r  and m a s s  t r a n s f e r  f a c t o r ,  r e s p e c t i v e l y  
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t 
T - 
T T  1, 2 

Equilibrium constant based on mole fraction 
Constants related to the packings and fluid flow 
Reacton rate constant in second order rate equation [hr 
Apparent catalyst activities at 1 atm and at pressure p, 
respectively [hr'l] 
TheFal conductivity of catalyst and effective thermal 
conductivity of catalyst particle, respectively [BTU/(ft.hr.OF)] 
Fluid-particle mass transfer coefficient [f t h r  . ] 
Thermal conductivity of gas and water, respectively 
[BTU/(ft .hr . OF) ] 
Apparent first order rate constant based on the unit catalyst 
bed volume [hr'l] 
Intrinsic catalyst activity based on unit surface area 
[f t . lb mole/ (hr . BTU) ] 
Intrinsic rate constant at 1 atm [hr 

-1 
. 

] 

~ 

-1 
] 

Lengths of reactor and heat exchanger, respectively [ft.] 
Hrnnber of trays and Prandtl number, respectively 
Pressure of the system and pressure drop, respectively 
[lbf /sq . in. ] 
Partial pressure of CO.at any time and at equilibrium, 
respectively [lbf /sq.in.] 

- Beat transfer rate in heat exchangers [BTU/hr.] 
Volumeric flow rate of water [gal./min.] 
Radial distance in catalyst particle [ft.] 
Gas constant [BTIJ/(lb mole, "E)] 
Inside radius of cylinder [in.] 
Reaction rate of CO [lb mole CO/(hr.cu.ft.cat.)] 
[cu,f t . CO/ (hr .cu. f t .cat .) 1, respectively 
Dirt factor in heat exchanger 
Reaction rate per unit catalyst particle [lb mole CO&r.unit cat.)] 
Specific gravity, steam flow rate [lb/hr.] and sensitivity, 
respect €vely 
Specific surface area of catalyst [sq.ft./lb], maximu; allowable 
stre s value [lb;/sq.in.] and space velocity at N.T.P. basis 
I~ ' Q I  , respectiiiely 
time [hr.] 
Temperature, The subscript denotes the stage number and the 
superscript represents the status [OF] [OR] 
Temperature of shell side at outlet and inlet, respectively [OF] 

Bulk gas temperature in reactor and surface temperature of catalyst 
particle, respectively [OF] 
Thickness of reactor shell [io.] 
Shell side gas temperature at which vaporization of water starts to 
take place [OF] 
Exit temperature of (n-1)-th 

Standard temperature (77OF), and temperature of steam [OF], 
respectively 
Overall heat transfer coefficient [BTU/ (sq .f t .hr .OF)] 

compartment an! n-th compartment, 
respcti-rely [ O F !  
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Overall h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  hea t ing  zone, 
vapor i z ing  zone, and whole h e a t  exchanger, r e spec t ive ly  
[BTU/(sq.f t .hr .OF11 
Axial mean v e l o c i t y  [ f t . / h r . ]  and l i n e a r  v e l o c i t y  of gas i n  
empty tower [ f t  . / sec . ]  , r e spec t ive ly  
C a t a l y s t  volume per u n i t  compartment, and of t o t a l  r eac to r ,  
r e s p e c t i v e l y  t cu . f t . 1  
Quenching water.  

Parameter sub jec t  t o  v a r i a t i o n  and t h a t  a t  a s p e c i f i c  va lue  
cons idered ,  r e spec t ive ly  , 

Weight of r e a c t o r  [ l b . ] ,  mass flow r a t e  of gas i n  s h e l l  s i d e  
[lb . /hr . I 
Mass flow r a t e  of steam and water i n  tube  s i d e ,  r e spec t ive ly  
[ l a .  / h r  . 1 
F r a c t i o n a l  conversion of CO a t  a n y t h e  and a t  equi l ibr ium,  
r e s p e c t i v e l y .  
s u p e r s c r i p t  r ep resen t s  the  status.  
S t a t e  v e c t o r  i n  N-th s t a g e  
Eeight  of packing [ f t . ]  

The s u b s c r i p t  denotes t h e  s t age  number 
[ W h r l  

r espec t i v e l y  

The s u b s c r i p t  denotes  t h e  s t a g e  number and the  

GREEK LETTERS 

Voidage of c a t a l y s t  bed 
Decis ion vec to r  at N-th stage 

Effec t iveness  f a c t o r  a t  1 a t m  

I n t e r n a l  porosLty of c a t a l y s t  
La ten t  h e a t  of water  [BTU/lb.] 
V i scos i ty  of  gas  and water ,  r e s p e c t i v e l y  [ l b , / ( f t . h r . ) ]  

V i scos i ty  of water at  tube-wall temperature [ l b l  (f t .hr .) ] 

Density of gas  r e a c t o r  m a t e r i a l ,  c a t a l y s t  p a r t i c l e ,  and water ,  
r e s p e c t i v e l y  [ l b  . /cu. f t . I  
Th ie l e  modulus a t  1 atm 
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APPENDIX 

In case t h a t  t h e  vapor i za t ion  is tak ing  p l ace  i n s i d e  the  tube,  t h e  
c a l c u l a t i o n  of h e a t  t r a n s f e r  c o e f f i c i e n t  i s  d i f f i c u l t .  However, t h e  
following s impl i f i ed  approach i s  used i n  t h i s  s tudy ,  by sepa ra t ing  t h e  
h e a t  exchanger f i c t i t i o u s l y  Tnto two zones: hea t ing  zone and vapor iz ing  
zone. Tm at which t h e  vapor i za t ion  starts t o  take  
p l ace  corresponding t o  t h e  boundary of t h e  two zones i n  t h e  tube can be  

Then t h e  temperature 

I ca lcu la t ed  by a hea t  balance: 

. The log-mean temperature d i f f e r e n c e s  i n  t h e  hea t ing  zone and vapor i za t ion  
zone a re :  

- .  1 

2 
Tl.m. E [(Tm-t2)-(Tl-tl>l/& [(Tm-tZ)/(Tl- t i ) I  

I 
TLm. = [(T2-t2)-(Tm-t2)1/R” [ (T2-t2)/(Tm-T2)1 

(48)  

(49)  

\ The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  each zone can be obtained by 

1 / U  = l/hi + l /h ,  +Rd (50) 
I’ 

Then t h e  hea t  t r a n s f e r  a r e a s  f o r  hea t ing  zone and vapor i za t ion  zone 
become 

% = W C ’ ( t2 - t l ) / (U  T1 ) T P  b 1.m. 

I 

i 

I 
A, = 0.5 X WT/(UvTtm! 

Thus t h e  t o t a l  a r e a  i s  

% = % + * v  

And t h e  average o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  UT is obtained 

i - (53) 
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